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Abstract: This study focused on the geochemical and sedimentological characterization of recent
sediments from two marine sites (S1 and E1) located in the North Adriatic Sea, between the Po
River prodelta and the Rimini coast. Major and trace metal concentrations reflect the drainage area
of the Po River and its tributaries, considered one of the most polluted areas in Europe. Sediment
geochemistry of the two investigated sites denote distinct catchment areas. High values of Cr, Ni,
Pb and Zn detected in sediments collected in the Po River prodelta (S1 site) suggest the Po River
supply, while lower levels of these elements characterize sediments collected in front of the Rimini
coast (E1 site), an indication of Northern Apennines provenance. Historical trends of Pb and Zn
reconstructed from the sedimentary record around the E1 site document several changes that can
be correlated with the industrialization subsequent to World War II, the implementation of the
environmental policy in 1976 and the effects of the Comacchio dumping at the end of 1980. At the
S1 site, the down core distributions of trace elements indicate a reduction of contaminants due to the
introduction of the Italian Law 319/76 and the implementation of anti-pollution policies on automotive
Pb (unleaded fuels) in the second half of the 1980s.
Keywords: northern Adriatic Sea; anthropic signal; trace metals concentration; marine sediments
1. Introduction
Sedimentary deposits represent an important natural archive of environmental change. Their study
allows the evaluation of the extent and the effect of anthropogenic inputs [1]. Indeed, marine sediments
act as sinks and sources of contaminants delivered to the sea from inland activities. Therefore,
the knowledge of the type and concentration of contaminants, along with their spatial distribution,
pathways and historical trends are essential for supporting measures to mitigate future impacts
on marine ecosystems. Hence, an exhaustive assessment of the natural geochemical background
is mandatory, when dealing with inorganic contaminants [2].
The Po River plain is one of the most industrialized and agriculturally developed areas in Europe,
generating nearly 40% of the Italian Gross Domestic Product. The high concentration of industrial,
zootechnical and agricultural activities critically intensifies the risk of heavy-metal contamination of
the prodelta area, coastal lagoons [3–6] and in the neighboring marine environments [7,8].
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To evaluate the anthropic effects on coastal environments, we report integrated geochemical and
sedimentological analyses performed on marine sediment cores collected in the North Adriatic at
the Po River delta and the Rimini coast (Figure 1). In this study, we aimed: (1) to provide additional
information about the geochemical composition and distribution of the surface marine sediments,
including major and trace element concentrations; and (2) to investigate the recent (the last 100 years)
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The North Adriatic  Sea  (NAS)  is  an  epicontinental  basin  characterized  by  a global  cyclonic 
circulation with seawater inflow to the northwest along the Croatian coast (EAC) and outflow to the 
southeast along the Italian coast (WAC) [9] (Figure 1). This general pattern is greatly influenced by 
winds, mainly Bora and Scirocco  [11,12], and by  lateral  freshwater  inputs  [13]. Freshwater runoff 
Figure 1. (A)Lithologicmapof thePoRiverdrainagebasin (data from1:1MillionSurfaceGeology—European
Geological Data Infrastructure: https://egdi-v6.geology.cz/?ak=detailall&uuid=5729ffdf-2558-48fc-
a5d2-645a0a010855). Major Po contributor rivers are also indicated. (B) Schematic surface circulation
pattern of the Northern Adriatic Sea. EAC: Eastern Adriatic Current; WAC: Western Adriatic Current [9].
Triangles represent S1, E1 (this work, red triangles) and AN2 (grey triangle) [10] coring sites.
Study Area
The North Adriatic Sea (NAS) is an epicontinental basin characterized by a global cyclonic
circulation with seawater inflow to the northwest along the Croatian coast (EAC) and outflow to
the southeast along the Italian coast (WAC) [9] (Figure 1). This general pattern is greatly influenced
by winds, mainly Bora and Scirocco [11,12], and by lateral freshwater inputs [13]. Freshwater
runoff enters the NAS from eastern Alpine and northern Apennine rivers located mainly along the
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Italian coastline. The largest source of freshwater and sediments is represented by the Po River (mean
annual discharge of 1500 m3 s−1) [14–16]. The Po River catchment extends from the Central and Western
Alps up to the northwestern Apennines and includes more than 140 Alpine and Apennine tributaries
that discharge water and sediment into the Po River [17] (Figure 1). The hydrologic behavior of the
Po River is characterized by the mixed Alpine/Apennine discharge regime resulting in two flooding
periods in late fall and spring, due to intense precipitation and snow melting, respectively [18].
Sediment accumulation rates range 1.2-30 mm/year with the highest value recorded in the study area,
and then accumulation rates decrease southward and toward the open sea [15]. Several studies [18–21]
pointed out a decrease of the sediment supply in terms of both suspended and bed loads, from the Po
and the Northern Apennines rivers, after 1945. An additional decrease was observed in the 1980s when
the Emilia-Romagna region underwent heavy urbanization of both coastal and inland areas, as well
as other parts of the Po River plain [18,19,22,23]. The Apennine rivers—which flow into the NAS
encompassing the area between Ravenna and Rimini (Reno, Lamone, Bevano, Fiumi Uniti, Savio,
Rubicone, Uso and Marecchia)—are characterized by smaller catchments areas. Their courses are
almost straight, and their flow rate is subject to the rainfall regime resulting in very low discharges in
summer, when hydric demand and evapotranspiration are the highest [20,24,25].
Geochemical characterization of Po Plain late Quaternary deposits [17,26–31] document that
they preserve fingerprints of the related catchment basins. In detail, nickel and chromium have been
used as tracers of sediment provenance since Cr-rich (and Ni-rich) sediments have been found to
be representative of the Po River drainage basin, whereas sediments with lower Cr and Ni values
have been related to the Apennines supply [26,28]. Their concentration is due to the contribution of
ultramafic rocks in the Po River catchment (Figure 1). Although Cr and Ni could also be affected by
anthropogenic sources, they seem to be minor, since comparable results were reported for present day
Po River sediments and Holocene marine deposits in the area [27].
2. Materials and Methods
2.1. Sampling and Analyses
We investigated the marine area around two fixed observatories (the E1 meteo-oceanographic buoy
and the S1-GB dynamic pylon [32,33]), part of the Italian LTER network (long-term ecological research
network, https://deims.org/6869436a-80f4-4c6d-954b-a730b348d7ce) deployed to study the ecosystems
and the long-term response to environmental, societal and economic drivers [34]. Six sediment
cores were collected with a box-corer in 2014, 2016 and 2017 during the oceanographic cruises EL-14,
LTER-ANOC16 and INTERNOS17 onboard the R/V Dallaporta (Table 1).
Table 1. Details of sampling stations.
Cores Latitude Longitude Site Water Depth (m) Core Length (cm)
S1-EL14 44.737◦ N 12.447◦ E S1 21 17
E1-EL14 44.141◦ N 12.573◦ E E1 10.5 15
S1-ANOC16 44.742◦ N 12.452◦ E S1 21 17.5
E1-ANOC16 44.148◦ N 12.577◦ E E1 10.5 16
S1-INT17 44.742◦ N 12.459◦ E S1 21 18
E1-INT17 44.143◦ N 12.572◦ E E1 10.5 10.5
Core locations and study areas, namely S1 (Delta del Po) and E1 (Costa Romagnola) (summarized
above as S1 and E1, respectively), are shown in Figure 1. Each box-core was subsampled with
smaller PVC cores (diameter 8 cm) and stored at 4 ◦C [35,36] directly on the vessel. At the
ISMAR-CNR laboratories, each core was described and subsampled at 1 or 2 cm of thickness.
The samples were dried at 60 ◦C and the porosity was calculated assuming a sediment density of
2.55 g cm−3 [37]. Dried sediment levels from all six cores were slightly disaggregated and analyzed for
the radiotracer 137Cs, by non-destructive gamma-ray spectrometry using two intrinsic Ge detectors.
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Sediment samples were put into cylindrical transparent plastic jars, pressed and counted for 24 h.
Activities were measured following Albertazzi et al. [38] and Frignani et al. [39]. Both detectors were
connected to an integrated gamma-spectrometry system, the DSPEC-Ortec. Output spectra were
processed and calibrated by using the Gammavision-Ortec software. All concentrations and activities
are relative to dry weight and are expressed in Bq kg−1. Detector efficiency was estimated using
samples of sediment spiked with multipeak standard solutions (QCY58) counted in standard geometry
jars (5–10–15–20 ml). Accuracy was checked periodically by using certified reference sediments
(IAEA-TEL-2012-03).
To assess grain-size distributions, the organic content was firstly removed by treating the samples
with H2O2; subsequently, sediments were wet sieved with a 63-µm-net size to separate coarse- and
fine-grained fractions. Finally, the coarse fraction was analyzed using a stack of ASTM sieves, while
the finer sediments by an X-ray sedigraph Micromeritics 5120, in order to quantify the silt and clay
fractions. Results are relative to dry weight and are expressed as percentages of grain-size fractions.
Sediments were also analyzed for geochemical composition at the BiGeA laboratories, by means of
X-ray fluorescence spectrometry. At least 3 g of each dried sediment layer were ground in an agate
mortar and then pressed with 7 g of H3BO3 to obtain powder pellets. Geochemical analyses were
carried out by using a Panalytical Axios 4000 X-ray spectrometer, to quantify major (Si, Ti, Al, Fe, Mn
Mn, Mg, Na, K and P) and trace element (Sc, V, Cr, Co, Ni, Cu, Zn, Ga, As, Rb, Sr, Y, Zr, Nb, Ba, La,
Ce, Pb, Th, S, Ba and Mo) contents, expressed as dry weight percentages (dw %) and in mg kg−1,
respectively (Appendix A). In this work, the trace metal concentrations are normalized to Al2O3, one
of the most commonly used normalizers in sediment studies [40]. For a more detailed description of
the historical trend of anthropic influence at the S1 site, the results for Zn and Pb were integrated with
the literature data (see Section 4.3).
The Loss On Ignition (LOI), which includes contribution from organic matter, crystalline water
and carbonates, was estimated in terms of weight loss after heating at 950 ◦C to constant weight.
2.2. Background Levels
To evaluate the anthropogenic signals in S1 and E1 sites, we compared the data with the background
trace metal values. As work strategy, for the S1 site, we considered as background values from adjacent
areas available from the literature [10,41,42] (Table 2), and, for the E1 site, we chose the mean values
detected in the 1900–1920 interval (Table 2 and interval 12–15 cm in Figure 5) as representative of the
pre-industrial values.
Table 2. Mean and standard deviation of trace metals in S1 and E1 sediment cores (ANOC-2016) and
background (Bkg) levels.
Zn Pb Cu Cr Ni
S1-Mean 129 ± 8 36 ± 3 34 ± 3 183 ± 4 128 ± 3
S1-Bkg * 84 14 30 152 61
E1-Mean 79 ± 7 22 ± 4 18 ± 3 139 ± 4 80 ± 7
E1-Bkg 80 20 16 142 91
Metal concentrations are reported in mg kg−1. * Data from literature [10].
3. Results
3.1. Porosity
Porosity vertical profiles of S1 sediment cores do not show evident variations (values around
0.65–0.69, Figure 2). A slight decrease of porosity is detected only in the bottom layer documenting an
increase of sediment compaction. On the other hand, the E1 sedimentary interval displays a larger
variability of porosity (ranging from 0.50 to 0.69, Figure 2). The higher values are recorded in the
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Figure 2. Porosity vs. depth profiles for S1 and E1 cores (cruise A OC-16).
3.2. 137Cs Activity
Sedimentation rates were estimated using the vertical distribution of 137Cs activity [43]. In the S1
investigated cores, results point out a 137Cs activity range of 10.22 ± 1.55 to 29.01 ± 4.15 Bq kg−1 with a
median value of 17.74 Bq kg−1 (Figure 3a–c). The trends are very similar, and the highest value are
detected in the S1-INT17 core at 2 cm of depth (Figure 3c). Cores fro E1 (Figure 3d–f) display very
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. Depth profiles of 137Cs for: (a) S -EL14; (b) S1-ANOC16; (c) S1-INT17; (d) E1-EL14;
(e) E1-ANOC16; and (f) E1-INT17.
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3.3. Grain Size
Grain size results are reported in Figure 4. The S1 sediments are composed prevalently by clay
and silt fractions (around the 90%) in almost all levels, in line with the literature data [44,45]. The E1
sediments are characterized by a more heterogeneous composition; they consist of silty clays with high
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Figure 4. Shepard diagram of the sediment composition in S1 and E1 (cruise ANOC-16) sediment cores.
3.4. Geochemistry
The chemical composition of sediments collected at the S1 and E1 sites is reported in Table 3
(complete geochemical dataset in Appendix A). High MgO content characterizes sediments from the
S1 site, whereas higher CaO content is observed in sediments from E1. Regarding trace elements,
sediments from the S1 area have higher concentrations of Cr, Cu, Ni, Pb and Zn than those from the
E1 site.
Table 3. Geochemical analyses of S1 and E1 sediment cores (ANOC-16).
Major Elements (dw %)
S1 E1
Min–max Mean Min–max Mean
Al2O3 13.36–13.94 13.64 ± 0.17 11.90–14.81 12.93 ± 0.89
MgO 3.98–4.75 4.45 ± 0.20 3.49–3.85 3.72 ± 0.13
CaO 8.77–9. 9 9.49 ± 0.30 9.67–12.73 11.34 ± 0.90
Trace elements (mg kg−1)
S1 E1
Min–max Mean Min–max Mean
Cr 176–190 183 ± 4 132–146 139 ± 4
Cu 28–40 34 ± 3 15–23 18 ± 3
Ni 120–128 128 ± 3 7 –95 80 ± 7
Pb 32–39 36 ± 3 18–29 22 ± 4
Zn 114–138 129 ± 8 71–92 79 ± 7
Major elements are reported in percent dry weight. Trace elements are reported in mg kg−1. Min, max, mean and
standard deviation values of all sediment layers.
Geochemical analyses show that Pb and Zn average concentrations of the S1 sediment core are,
respectively, 1.5 and 0.5 times higher than the background levels of the site (Table 2), while the E1
average concentrations and the background values are similar.
Depth profiles of cores from the S1 site show an increasing trend of the MgO contents upwards,
relatively stationary concentrations of Cr and Ni and gradual decreasing upward trend of Pb (from 39
to 33 mg kg−1), whereas Zn shows a slight increase between −16 and −8 cm (from 132 to 138 mg kg−1)
and then a decrease to 114 mg kg−1 Zn at the top (Figure 5). In cores from E1 site, MgO and Ni contents
are relatively uniform, Cr reaches a peak at ~5 cm of 146 mg kg−1 and Zn and Pb contents show a
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moderate decreasing trend between 16 and 7 cm, a sharp increase between 7 and 2 cm and peaks at











Rates  (SAR) of  the  two  investigated areas. Unfortunately,  the short  time  interval recorded by our 
samples (max 18 cm, Table 1) due to the local high accumulation rate at the S1 site [15] did not allow 





Figure 5. Depth profiles of selected major (MgO) and trace elements (Cr, Ni, Pb and Zn) in S1 (red line)
and E1 (green line) sediment cores (ANOC-16).
4. Discussion
4.1. Dating
Activity profiles of 137Cs in the sediment cores were used to estimate the Sediment Accumulation
Rates (SAR) of the two investigated areas. Unfortunately, the short time interval recorded by our
samples (max 18 cm, Table 1) due to the local high accumulation rate at the S1 site [15] did not
allow us to identify the 137Cs reference peak corresponding to the 1986 Chernobyl fallout (Figure 3).
Consequently, for this area, we used the most recent available value of 19.4 mm/year [15,46]. Instead,
we related the highest value in the 137Cs distribution, detected at 3.5 cm in the E1 cores (EL14 core,
Figure 3) to the 1986 event estimating a SAR of 1.2 mm/year for this site, a value comparable with those
from the literature [15,38,43,47]. These results indicate that the stratigraphic succession sampled in S1
represents approximately nine years of history, while the sedimentary record recovered in E1 extends
to the early 1900s (Figure 7).
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4.2. Geochemical Signature of Marine Sediments
As reported in several studies [17,48–50], Cr, Ni and Mg concentrations can be used to discriminate
the source areas of sediments. We compared Cr, Ni and Mg contents in the sediments from the S1 and
E1 sites with those from the literature. In detail, we considered the geochemistry of deposits from the
Po and Apennines rivers [30] and from boreholes in the inland areas [27].
The comparison shows that the concentrations of Cr and Ni in sediments from the Po River delta
(S1 site) are very similar to those detected in sediments recovered along the Po River [30], suggesting
for this area a prevailing to exclusive sediments supply from the Po River (Figure 6a). On the contrary,
Cr and Ni concentrations measured in sediments from the E1 site show a wider dispersion with values
comparable to those of the Northern Apennines rivers (Reno, Lamone, Fiumi Uniti, Bevano, Savio
Rubicone, Uso and Marecchia), indicating an Apenninic sedimentary source for this area. These
different sources of sedimentary material are in agreement with previous investigations [17,27]. It is
noteworthy that the Cr and Ni concentrations of S1 site exceed the maximum permissible concentrations,
according to the Italian environmental legislation, for unpolluted sites [51] (Table 4). These have a
natural origin, derived from the outcrops of ultramafic rocks in the Western Alps and in the Northern
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Figure 6.  (a) Binary plots of Ni vs. Cr and  (b) Ni/Al2O3 vs. MgO/Al2O3  ratios. Our  samples are 
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Figure 6. (a) Binary plots of Ni vs. Cr and (b) Ni/Al2O3 vs. MgO/Al2O3 ratios. Our samples are
indicated as green and red dots. Reference data for rivers (light green, Apennines; light red, Po River)
derive from tables presented in [30]. Reference data for boreholes (empty big circles) represent the
average values presented in [27]. Provenances fields (green and red circles) are drawn in accordance
with literature data [17,26–28,50,51].
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Table 4. Mean metal concentrations (this work).
S1 Cr Ni Pb Zn
mean 183 128 36 129
min 179 120 32 114
max 190 133 39 138
E1
mean 139 80 22 79
min 132 71 18 71
max 149 95 29 92
Csc D.lgs 152/2006 * 150 120 100 150
LCB ** 100 70 40 100
LCL ** 360 75 70 170
* Italian Sediment Quality benchmarks, ** APAT and ICRAM [52]. The LCB represent the mean values of chemical
content in the Italian marine sediments, whereas LCL refers to the highest values in Italian marine sediments. Values
are in mg kg−1.
In addition, Ni and Mg concentrations also highlight different input sources for our samples
(Figure 6b). The Po River is the main source of Cr and Ni for the Adriatic Sea, accounting for ~50% of
total Cr and Ni fluvial inputs [8]. According to a recent study [17], Ni/Al2O3 and MgO/Al2O3 ratios
close to 6 and 0.3 mg kg−1, respectively, reflect an Apennine signature of the E1 samples, whereas
values of 10 and 0.32 mg kg−1 document the Po River provenance for the S1 samples (Figure 6b).
Samples collected in the 1980s [53] were characterized by a southward decrease in magnesium rates
in the northern-central Adriatic Sea, which is probably due to a higher content of dolomite (rich in
Mg) brought by the Po and Alpine rivers. Based on the observations reported by Amorosi et al. [28], a
value of Cr/Al2O3 ratio > 11.5 can be considered a clear signal of the sediment provenance dominated
by the Po River supply. These data are consistent with the relatively high Cr concentrations detected
in S1 sediments (Table 3 and Figures 5 and 7). The upward increasing trend of Cr/Al2O3 in the E1
depth profile (Figure 7) may be interpreted as a gradual increase of the Po River contribution in the
E1 site over the years, in particular after the 1940s. This trend seems in contrast with the decrease
of sediment supply by the Po River recorded after 1945 (with a generalized phase of degradation
and partial retreat of the entire Po River delta) caused by the construction of a dam [21,54], riverbed
mining activities and the channelization of watercourses [55]. The most significant retreat phase, with
rates in the order of tens of meters per year, reached its peak between 1954 and 1978 [56] when the
E1 core recorded the highest Cr/Al2O3 ratio (Figure 7). The reduction in sediment supply, combined
with the recent increase in storm events produced an increase of coastal erosion in the area [18–20,57].
Sediment transport is enhanced in the northern Adriatic by the northeasterly Bora wind that intensifies
waves and currents, especially in winter, with an average southward transport along the shelf and
little across-shelf transport [58]. The Cr increase in the surficial sediments was recorded not only in the
E1 site, but also further south, in the AN2 core offshore Ancona (Figure 1) [10]. We speculate that the
high Cr values of sediments from the stations south of the Po River prodelta result from the southerly
deposition of the eroded sediments of the delta wedge.
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4.3. Anthropic Signal
The Zn and Pb concentrations found in well dated sediment cores collected at several locations
along the western Adriatic Sea were successfully used to reconstruct the anthropogenic influence in
the past [7,8,10].
In samples from S1 site, Zn and Pb values fall far beyond the Holocene reference field,
corresponding to the pre-industrial concentrations [10,41,42] (Table 2). The investigate time interval is
limited (only the last nine years), however it is interesting to evidence that the observed decline over
recent time of Pb and Zn concentrations (Figure 7) is in line with the historical trend reconstructed
using data reported in the literature [59,60] (Table 5 and Appendix B) in the same area. Perhaps
this is the result of the application of the Merli Italian Law 319, adopted in 1976, that regulates the
concentrations of contaminants in wastewaters for environmental protection. The same assumption
was suggested to explain the low content of trace metals observed in the sediments from the River
Po delta [10]. Additionally, the Pb content reduction may be in response to the implementation of
anti-pollution policies on automotive Pb in the second half of the 1980s in Western Europe [61].
At the E1 site, the longer time interval sampled (see Section 4.1) provides the history of
contamination during the last 100 years. The E1 normalized depth profiles of Pb and Zn (Figure 7)
display a gradual increasing accumulation trend from the 1940s with a peak from 1980 to 2000 in
particular for Pb concentration.
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Table 5. Trace metals concentration detected in the S1 area over the time (data from this work and from
literature).
Year Zn Pb References
2016 114 33 This work
2007 132 39 This work
1996 162 44.7 Ianni et al., 2000 [59] (site 103)
1977 189 68.3 Frascari et al., 1984 [60] (site30)
Values are reported in mg kg−1 and not normalized to Al2O3 in order to perform the comparison between
different datasets.
The detected major presence of these elements in the area around the mid-1940s is probably related
to the gradual industrialization of the region after World War II. It is worth noting that, in Italy, the time
interval of 1945–1963, known as “Economic Miracle”, experienced a strong industrial development
with an increase of the mechanical, chemical and ceramics industries [7].
The observed increase in trace metals is consistent with what was found in previous investigations
carried out along the coast between Cattolica and the mouth of the Rubicone River [62]. The strong
increase from the 1980s (Figure 7, E1 site) correlates in time with marine dumping off Comacchio from
1986 to 1990, used as the disposal sites for dredged materials from the Ravenna port [7,63]. In our
opinion, the dumping influenced directly or indirectly the surrounding environment since the activity
can destroy and/or degrade habitats for species as well as cause coastal pollution. The documented
high accumulation of Pb and Zn may be explained with the southward dispersion of contaminated
sediments under the influence of the WAC (Figure 1) from the dumping site to the E1 site located
approximately 60 nautical miles away. The recent decrease of Zn and Pb observed since the early 2000s
may be related to the application of the Italian Law 319/76 as mentioned above for S1 site.
5. Conclusions
Geochemical and distribution analyses of trace elements were performed on the marine sediments
from two sites (E1 and S1) located along the western Adriatic coast.
The concentration of some main and trace elements (MgO, Cr and Ni) compared with the literature
data allowed us to highlight that the S1 sediments composition largely reflects the discharges of the Po
River, whereas sedimentation at the E1 site results mostly controlled by the supplies from the northern
Apennines rivers, with only a marginal contribution from the Po River system. The results confirm
the presence of high concentrations of Cr and Ni related to the discharge of the Po River and due to
the natural presence of ultramafic rocks in its drainage basin. The high Cr values observed in the
sediments of E1 station, at the south of the Po prodelta, indicate a southern deposition of the recently
eroded sediments of the delta wedge. The accumulation values of trace metals in the two sites show a
significant decrease over time, especially near the prodelta sediments of the Po River. Finally, using the
elements Pb and Zn as diagnostic of anthropogenic impact, we reconstructed the historical trends of
pollution sources. In particular, the results of the E1 site highlight the impact due to the increase in the
industry after World War II, the implementation of environmental policy in 1976 and the presence of
the Comacchio dumping at the end of 1980.
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Appendix A
Table A1. Geochemical data from LTER-ANOC16 cores.
Major elements (dw %)
S1 E1
Min–max Mean Min–max Mean
SiO2 40.21–42.82 41.64 ± 0.88 41.81−45.24 43.63 ± 0.92
TiO2 0.61−0.64 0.62 ± 0.01 0.58−0.67 0.62 ± 0.03
Al2O3 13.36−13.94 13.64 ± 0.17 11.90−14.81 12.93 ± 0.89
Fe2O3 5.83−6.21 6.01 ± 0.13 4.91−6.43 5.48 ± 0.45
MnO 0.10−0.13 0.11 ± 0.01 0.10−0.12 0.11 ± 0.01
MgO 3.98−4.75 4.45 ± 0.20 3.49−3.85 3.72 ± 0.13
CaO 8.77−9.79 9.49 ± 0.30 9.67−12.73 11.34 ± 0.90
Na2O 1.17−4.93 1.54 ± 1.07 1.16−1.81 1.41 ± 0.21
K2O 2.58−2.79 2.72 ± 0.06 2.28−3.09 2.54 ± 0.24
P2O5 0.12−0.15 0.14 ± 0.01 0.12−0.14 0.13 ± 0.01
LOI 18.91−21.11 19.63 ± 0.73 16.15−20.67 18.08 ± 1.63
Trace elements (mg kg−1)
S1 E1
Min-max Mean Min-max Mean
As 8−12 10 ± 1 7−12 9 ± 2
Ba 272−320 291 ± 13 255−338 278 ± 2 4
Ce 47−73 63 ± 7 35−63 52 ± 9
Co 12−14 13 ± 1 10−13 11 ± 1
Cr 176−190 183 ± 4 132−146 139 ± 4
Cu 28−40 34 ± 3 15−23 18 ± 3
La 26−34 30 ± 2 19−29 23 ± 3
Nb 13−15 14 ± 1 13−14 14 ± 1
Ni 120−128 128 ± 3 71−95 80 ± 7
Pb 32−39 36 ± 3 18−29 22 ± 4
Rb 32−39 36 ± 3 88−120 100 ± 9
Sr 257−278 267±8 295−415 339 ± 40
V 148−161 157 ± 4 138−159 151 ± 7
Y 24−26 25 ± 1 24−27 25 ± 1
Zn 114−138 129 ± 8 71−92 79 ± 7
Zr 100−118 104 ± 5 127−162 145 ± 12
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Figure A1. Pb and Zn historical concentration trends. Data from the literature [59,60] and this work
(see Table 2).
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